The effectiveness of multiple ensembles to determine 70% probability-circle radii of operational tropical cyclone (TC) track forecasts in the Japan Meteorological Agency (JMA) is investigated. The ensembles used in this study are global ensembles from JMA, the European Centre for Medium-Range Weather Forecasts (ECMWF), the National Centers for Environmental Prediction (NCEP) and the Met Office in the United Kingdom (UKMO). The verification for all TCs from 2016 to 2018 reveals that the multiple ensemble-based method has stronger correlation with operational TC track forecast errors and the clearer degree of separation among confidence levels derived from the ensemble spreads than the conventional statistical and single ensemble-based methods. It indicates that the multiple ensemble method provides situationdependent forecast uncertainty most appropriately. As the effectiveness of the multiple ensemble method has been confirmed, JMA started to operate the multiple ensemble-based 70% probability-circle radii for its operational TC track forecasts for all forecast times up to 120 hours in June 2019. The radii are based solely on confidence levels derived from cumulative ensemble spreads of the multiple ensemble from the 4 centers. This is a good example of successful research to operation transfer of The International Grand Global Ensemble (TIGGE) project.
Introduction
The accuracy of operational tropical cyclone (TC) track forecasts has significantly improved over the last few decades (e.g., Heming et al. 2019) due to better understanding of its dynamics (e.g., Ito et al. 2019 ) and improvement in numerical weather predictions (e.g., Yamaguchi et al. 2017; Magnusson et al. 2019 ). However, progress seems to be slow in the treatment of forecast uncertainty associated with TC tracks although previous studies show the value of dynamical ensemble forecasts to estimate the uncertainties associated with TC track forecasts (e.g., Yamaguchi et al. 2009; Dupont et al. 2011; Zhang and Yu 2017) . According to Titley et al. (2019) , although weather centers issuing TC track forecasts adopt either probability circles or cones to represent the uncertainty associated with TC tracks, those who are using dynamical ensemble forecasts for the uncertainty estimation is quite limited.
The Japan Meteorological Agency (JMA) employs probability circles. The probability that the center of a TC is expected to exist in the probability circle at each forecast time is 70%. Table 1a shows the radii used as of May 2019, with those for 3-to 72-hour forecasts being determined in line with the direction and speed of TC movement and pre-determined based on verification results for operational TC track forecasts for the period from 2011 to 2015 (Fukuda 2018) . With the implementation of the Typhoon Ensemble Prediction System (TEPS) in 2008 (Yamaguchi et al. 2009 ), JMA extended the length of operational TC track forecasts from 72 to 120 hours in 2009. Since then, the size of the probability circles for 96-to 120-hour forecasts has been determined in line with forecast confidence levels using the dynamical ensemble as well as TC direction and speed. As of May 2019, confidence levels are derived from cumulative ensemble spread 1 calculated using outputs from the Global Ensemble Prediction System (GEPS; Tokuhiro 2018) , which took the place of TEPS in 2017, and the radii for different confidence levels are pre-determined based on verification results for the period from 2015 to 2016. As the methods used to determine probability-circle radii differ between 3-to 72-hour and 96-to 120-hour forecasts, there are discontinuities in the rate of radius increase. Although this discontinuity was alleviated to some extent with radii upgrades in 2016 and 2017 (Fukuda 2018) , the issue still remains (Figs. 1a and 1b) .
The International Grand Global Ensemble (TIGGE; Bougeault et al. 2010 , Swinbank et al. 2016 was established as part of The Observing System Research and Predictability Experiment (THORPEX) led by the World Meteorological Organization (WMO) World Weather Research Program (WWRP). The international research community had access to operational global ensemble forecast data since 2006, and TC-focused data exchange (TIGGE Cyclone XML or TIGGE CXML) also began in 2008. The WMO Tropical Cyclone Programme (TCP) and WWRP launched the North Western Pacific Tropical Cyclone Ensemble Forecast Project (NWP-TCEFP) in 2009 to explore the utility of ensemble forecasts, including multiple ensembles, with TIGGE CXML and to promote such products for operational TC forecasting (Yamaguchi et al. 2014) . Yamaguchi et al. (2012) evaluated the relative benefits of multiple ensembles with respect to a single ensemble under the project and demonstrated that multiple ensembles bring better correlations between ensemble mean TC track prediction errors and ensemble spreads than a single ensemble. Based on the outcomes of the project, JMA started providing Typhoon Committee Members with real-time ensemble TC track predictions from JMA, the European Centre for Medium-Range Weather Forecasts (ECMWF), the National Centers for Environmental Prediction (NCEP) and the Met Office in the United Kingdom (UKMO) in 2015 under the Enhanced use of Ensemble Forecasts project of the Working Group on Meteorology run by the Typhoon Committee. Radii based on multiple ensembles have yet to be introduced on an operational basis at JMA as of May 2019, although forecasters reference ensemble TC track predictions from the four centers.
In this study, we examine a new method of determining radii in the same way throughout forecast lead times of up to 120 hours using multiple ensembles. The purpose of this study is to evaluate the validity of this approach, mainly focusing on whether the ensemble spread from multiple ensembles can provide better estimation of the forecast uncertainty of TC tracks compared to the conventional statistical and the single ensemble methods. Considering the operational use of ensembles from producers in other countries (e.g., ECMWF, NCEP and UKMO), the time periods of
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Specifically, four single ensembles from JMA, ECMWF, NCEP and UKMO as well as eleven multiple ensembles involving combinations of these four are examined. A multiple ensemble from JMA and ECMWF is referred to as "JE" in this study. Similarly, a multiple ensemble from JMA, ECMWF, NCEP and UKMO is referred to as "JENU" and so on. The configurations of the four single ensembles are shown in Table 2 .
The data period for the single and multiple ensembles is from 2016 to 2018, covering TC verification from T1601 2 to T1829 (all TCs during the 3-year period). The predictions initiated at 00, 06, availability (a factor not incorporated by Yamaguchi et al. (2012) ) are taken into account in this study.
Here, the methodology and data used are described in Section 2, the results are outlined in Section 3, some discussions are described in Section 4, and conclusions of this study is given in Section 5.
Methodology and data used
In this study, the effectiveness of using multiple ensembles to determine the 70% probability-circle radii of the JMA's operational TC track forecasts is investigated via comparison of this approach to statistical and single ensemble-based methods. 12 and 18 UTC are verified in this study, and thus the ensemble predictions initialized at 00, 06, 12 and 18 UTC are used. However, the ECMWF ensemble is initialized at 00 and 12 UTC only. Thus the 6-hour old ensemble predictions are used to create the ECMWF ensembles initialized at 06 and 18 UTC. For example, 6-hour forecast initiated at 06 UTC are derived from 12-hour forecast of the ECMWF ensemble initialized at 00 UTC on the same day. The availability time of the ensemble data is taken into consideration. By way of example, for the verification of JMA's operational TC track forecast at 18 UTC on a certain day, an ensemble prediction initiated at 12 UTC on that day is used for JMA data and those initiated at 06 UTC are used for ECMWF, NCEP and UKMO data. The ensemble prediction initiated at 00 UTC is actually used for ECMWF data due to the above-mentioned reason. Adjustments of forecast positions using observed TC locations (i.e., selective ensemble method) are not considered in this study because the effects of such adjustments are limited to forecast times of 48 hours or less (Qi et al. 2014; Nishimura and Yamaguchi 2015) .
The forecast time is verified every 3 hours from 0 to 24 hours and every 6 or 24 hours from 24 to 120 hours. Best-track data from the JMA are used for TC location verification, which is performed only when the data show tropical storm intensity or stronger in both initial and verification times and all four single ensembles have at least two members tracking the TC up to the verification time.
The procedure to determine the 70% probability-circle radii in the statistical and ensemble methods is as follows. For the statistical method, the radii change according to the direction and speed of forecast TC movement at each forecast time (Table 1a) .
The radii values are pre-determined based on the 70th-percentile values in the operational forecast errors from 2016 to 2018. These values are calculated at each category and at each forecast time depending on the direction and speed of TC movement as categorized in Table 1a . Meanwhile, the radii in the ensemble method change according to confidence level at each forecast time. The radii values are pre-determined based on the 70th-percentile values in the operational forecast errors from 2016 to 2018 at each confidence level (Table 1b ). The confidence levels are determined as follows. First, all ensemble spread values for the period from 2016 to 2018 are collected. Second, they are arranged in ascending order and divided into three categories according to the amount of the ensemble spread (i.e., confidence level) at each forecast time. The ratios of the number of samples with small, medium and large ensemble spreads are set to 4:4:2 (Yamaguchi et al. 2009 ). Then, the 70th-percentile values in the operational forecast errors at each confidence level are set at the radii at the corresponding confidence level.
Results
The ensemble spread-error relationship is first assessed for single and multiple ensembles. Figure 2 shows relationships linking ensemble mean TC track prediction errors and cumulative ensemble spreads at 48-hour forecasts (T+48) and T+96 for the JMA and JENU ensembles. A positive correlation between errors and cumulative ensemble spreads is seen for both ensembles, suggesting that the spreads can be used as an indicator of the errors. The correlation coefficients in the JENU ensemble tend to be larger than those in the JMA ensemble and this is true for other forecast times. Similar verification results are confirmed in the verification where JMA's operational TC track forecast errors are used instead of the ensemble mean TC track prediction errors. Figure 3 shows 70th-percentile values in JMA's operational TC track forecast errors for each confidence level with the JMA and JENU ensembles at T+24, 48, 72, 96 and 120. The confidence levels are classified as A, B and C (high, medium and low, respectively) based on cumulative ensemble spreads. The frequency of each category is set to 40, 40 and 20 percent for each forecast time, respectively (Yamaguchi et al. 2009 ) and the thresholds among categories are pre-determined using ensemble data from 2016 to 2018. The 70th-percentile values are expected to increase in the order of confidence levels A, B and C, but exhibit no distinguishable difference between A and B at T+24 and 48 in the JMA ensemble. This may be one of the deficiencies of the JMA ensemble and the JMA ensemble alone may not be able to represent the probability density function of forecast TC locations appropriately. Meanwhile, values show a clear distinction among A, B and C for all forecast times in the JENU ensemble. Figure 4 shows cumulative relative frequency distributions of JMA's operational TC track forecast errors at T+48 and 96 for the JMA and JENU ensembles, respectively. In comparison of distributions at T+48 for confidence level A between JMA and JENU, the JENU ensemble has a more upright profile above a high frequency levels (e.g., 80%). This indicates that the number of cases in which TC track forecast errors are large despite high confidence (i.e., A) is lower for multiple ensembles. Similarly, the number of cases in which TC track forecast errors are small despite low confidence (i.e., C) is also lower for multiple ensembles. Essentially, outlier ratios for multiple ensembles are smaller than for single ensembles, representing a relative benefit of the former.
The statistical, single and multiple ensemble methods are next compared, with metrics including mean probability-circle radii and coefficients of correlation between radii and operational TC track forecast errors. Smaller mean radii imply that the area of disaster risk reduction activities (e.g., evacuation) can be reduced, and larger coefficients result in better situation-dependent TC track forecasts. Probability-circle radii are determined in consideration of TC direction (NW: 260°−359°; Other: 0°−259°) and speed (≤ 10 kt, > 10 kt) in the statistical method, as in the operations as of May 2019. For single and multiple ensembles, the frequencies of confidence levels A, B and C are set to 40, 40 and 20 percent, respectively, as operationally used for 96-and 120-hour forecasts as of May 2019 (Yamaguchi et al. 2009 ). Table 3 shows the mean radii and correlation coefficients for the statistical method and all single and multiple ensemble methods at T+24, 48, 72, 96 and 120. Little difference among the mean radii for the three methods is shown except that the mean radii for the single and multiple ensemble methods are a little smaller than those for the statistical method at longer forecast times. It indicates that the multiple ensemble method produces no significant reduction with respect to the statistical and single ensemble methods. The correlation coefficients tend to increase in the order of the statistical, single and multiple ensemble methods, especially with shorter forecast times. The larger correlation coefficients in the multiple ensemble method can be explained by the reduction in such forecast cases that the position errors are large (small) in spite of small (large) ensemble spreads. It demonstrates the relative benefits of the multiple ensemble method in determining radii because the method shows similar mean radii and stronger correlation between radii and operational forecast errors.
These results indicate that radii from the multiple ensemble method provide the situation-dependent forecast uncertainty most appropriately without changing mean radii among the three methods, demonstrating strongest correlation with operational TC track forecast errors and the clearest degree of separation among confidence levels. 
Discussion
Some sensitivity tests are performed to obtain more appropriate probability circles. The effect of increasing the number of confidence levels is first assessed. In addition to the three confidence levels, a fourth and a fifth are introduced. The category frequency is set to the same among the confidence levels, namely, 25 and 20 percent, respectively. It is found that the increased number of confidence levels does not necessarily improve the correlation between probability-circle radii and operational TC track forecast errors. Indeed, some negative correlations between radii and confidence levels are observed, probably due to the reduced number of samples for each confidence level (not shown).
The effect of changing the frequency of each category of the three confidence levels is next assessed. It turns out that the change in the frequency of each category does not necessarily improve the correlation coefficients and the degree of separation among confidence levels, but frequencies of 40, 40 and 20 percent are the most appropriate (not shown).
To determine whether the multiple ensemble method is further improved via consideration of TC direction and speed (as considered for radii at T+3 to 72 as of May 2019), relationships linking operational TC track forecast errors and TC direction/speed are evaluated. There is a clear relationship between operational TC track forecast errors and direction/speed in the past data from 2011 to 2015; that is, errors are smaller with a NW direction and low speed. However, no such relationship is clearly seen in verification with the latest data from 2016 to 2018 (not shown). This is attributable to the fact that JMA's operational TC track forecasts were generally based on JMA Global Spectral Model (GSM) outputs in 2014 and before, while this approach was replaced with a consensus method in 2015 incorporating deterministic TC track predictions from JMA, ECMWF, NCEP and UKMO (Nishimura and Fukuda 2019) . With the introduction of the consensus method, biases in operational TC track forecasts based on the JMA GSM may be reduced, and consideration of TC direction and speed may no longer be necessary.
These results indicate that the three confidence levels A, B and C with frequencies of 40, 40 and 20 percent, respectively, are the most appropriate and that classification based on the direction and speed of TC movement is no longer necessary.
Based on the above results and discussions, JMA adopted the multiple ensemble method to determine the 70% probability-circle radii for all forecast times up to 120 hours in June 2019. The radii are based solely on confidence levels derived from cumulative ensemble spreads of the multiple ensemble from JMA, ECMWF, NCEP and UKMO. Confidence levels are categorized as A, B and C with frequencies of 40, 40 and 20 percent, respectively and the thresholds among the confidence levels are pre-determined using the ensemble data from 2016 to 2018. Confidence levels A' and B' are introduced to suppress rapid changes in radius after 24-hour forecasts. The probability-circle radii after June 2019 are shown in Table 1b and Fig. 1c . The radii after June 2019 are smaller by about 20% on average, reflecting the recent improvement in TC track forecasts. The probability of detection of the radii as of May 2019 for the period from 2016 to 2018 is 81.8%, but that after June 2019 is 68.4%. The probability becomes smaller reflecting smaller radii and gets closer to 70%. The new method also resolves the discontinuity issue in the rate of radius increase described in Section 1.
The JENU ensemble is chosen among the 11 multiple ensembles, although these have minimally differing validity. JMA is able to obtain JMA ensemble data most stably in shortest availability time. Numerical weather prediction systems including ensembles are often upgraded at individual weather centers during the typhoon season, and related performance changes accordingly. Therefore, the JENU ensemble, which includes JMA ensemble and has the largest ensemble size, is chosen for the multiple ensemble to minimize the number of cases without ensemble data and the influence of such upgrades on the probability-circle radii.
Conclusion
This study investigated the effectiveness of multiple ensembles to determine the 70% probability-circle radii of the JMA's operational TC track forecasts via comparison of this approach to the conventional statistical and single ensemble-based methods. The ensembles used in this study were global ensembles from JMA, ECMWF, NCEP and UKMO. The verification period was 3 years from 2016 to 2018 and all TCs in the western North Pacific basin during the 3 year period were evaluated.
The multiple ensemble-based method was found to provide situation-dependent forecast uncertainty more appropriately than the conventional methods, demonstrating strongest correlation with operational TC track forecast errors and the clearest degree of separation among confidence levels. With the multiple ensemble approach, the number of cases where TC track forecast errors were large (small) despite small (large) ensemble spread was reduced.
There was an issue of the discontinuity of the probabilitycircle radii between 3-to 72-hour and 96-to 120-hour forecasts in the conventional method. It was confirmed that this issue was solved by adopting the multiple ensemble approach consistently up to 120 hours. It was also confirmed that consideration of TC direction and speed adopted in the conventional method to determine the probability-circle radii was no longer necessary in the multiple ensemble approach.
As the effectiveness of the multiple ensemble method was confirmed, JMA started to operate the multiple ensemble-based 70% probability-circle radii for its operational TC track forecasts for all forecast times up to 120 hours in June 2019. The radii are based solely on confidence levels derived from cumulative ensemble spreads of the multiple ensemble from JMA, ECMWF, NCEP and UKMO. This is a good example of successful research to operation (R2O) transfer of TIGGE.
This study investigated all possible combinations (eleven different multiple ensembles in total) of the four global ensembles and these eleven multiple ensembles had minimally differing validity. In order to secure the ensemble data stably, which is the most important for operational forecasting practices, we included the JMA ensemble in the multiple ensemble. For the foreign weather centers, we determined to use all the ensembles and maximize the ensemble size to minimize the impact when the data from one or more centers were unavailable and to lessen the influence of system changes at foreign weather centers, which could occur during a typhoon season, on the probability-circle radii.
Future studies include demonstrating the effectiveness of introducing a selective consensus approach (e.g., Elsberry and Carr 2000) or applying different weights to the individual members (e.g., Dong and Zhang 2016) . However, it would be difficult to operationalize them because a large amount of historical data are required either for a selective or weighting approach, but the ensemble prediction systems at each weather center are often upgraded and their forecast performance changes accordingly. Other study is demonstrating the effectiveness of introducing an elliptic shape instead of a circle shape to express the uncertainty of TC track forecasts (Zhang and Yu 2017) . The average radii among the statistical, single and multiple ensemble-based methods had few differences. The elliptic scheme may be able to reduce the area while meeting the same 70% condition.
